Estrogen sulfotransferase (EST), the enzyme responsible for the sulfonation and inactivation of estrogens, plays an important role in estrogen homeostasis. In this study, we showed that induction of hepatic Est is a common feature of type 2 diabetes. Loss of Est in female mice improved metabolic function in ob/ob, dexamethasone-, and high-fat diet-induced mouse models of type 2 diabetes. The metabolic benefit of Est ablation included improved body composition, increased energy expenditure and insulin sensitivity, and decreased hepatic gluconeogenesis and lipogenesis. This metabolic benefit appeared to have resulted from decreased estrogen deprivation and increased estrogenic activity in the liver, whereas such benefit was abolished in ovariectomized mice. Interestingly, the effect of Est was sex-specific, as Est ablation in ob/ob males exacerbated the diabetic phenotype, which was accounted for by the decreased islet b-cell mass and failure of glucose-stimulated insulin secretion in vivo. The loss of b-cell mass in ob/ob males deficient in Est was associated with increased macrophage infiltration and inflammation in white adipose tissue. Our results revealed an essential role of EST in energy metabolism and the pathogenesis of type 2 diabetes. Inhibition of EST, at least in females, may represent a novel approach to manage type 2 diabetes. Diabetes 61: [1543][1544][1545][1546][1547][1548][1549][1550][1551] 2012 
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Estrogen sulfotransferase (EST), the enzyme responsible for the sulfonation and inactivation of estrogens, plays an important role in estrogen homeostasis. In this study, we showed that induction of hepatic Est is a common feature of type 2 diabetes. Loss of Est in female mice improved metabolic function in ob/ob, dexamethasone-, and high-fat diet-induced mouse models of type 2 diabetes. The metabolic benefit of Est ablation included improved body composition, increased energy expenditure and insulin sensitivity, and decreased hepatic gluconeogenesis and lipogenesis. This metabolic benefit appeared to have resulted from decreased estrogen deprivation and increased estrogenic activity in the liver, whereas such benefit was abolished in ovariectomized mice. Interestingly, the effect of Est was sex-specific, as Est ablation in ob/ob males exacerbated the diabetic phenotype, which was accounted for by the decreased islet b-cell mass and failure of glucose-stimulated insulin secretion in vivo. The loss of b-cell mass in ob/ob males deficient in Est was associated with increased macrophage infiltration and inflammation in white adipose tissue. Our results revealed an essential role of EST in energy metabolism and the pathogenesis of type 2 diabetes. Inhibition of EST, at least in females, may represent a novel approach to manage type 2 diabetes. Diabetes 61:1543-1551, 2012 E strogens are implicated in various physiological functions besides reproduction. In recent years, the importance of estrogens in regulating energy and glucose homeostasis has gained increasing attention. Mice lacking aromatase, the enzyme that converts androgens to estrogens, develop obesity due to reduced physical activity and decreased lean body mass (1) . The estrogen receptor a (ERa)-deficient mice also develop obesity with decreased energy expenditure (2) . The mechanism by which estrogens stimulate energy expenditure is not fully understood. It is suggested that ERa signaling in the ventromedial nucleus of the hypothalamus plays an important role in regulating food intake, systemic insulin sensitivity, and energy expenditure in female mice (3) . Estrogen deficiencies also lead to impaired insulin sensitivity in both aromatase knockout (1) and ERa knockout (4) mice but without a defined mechanism. Administration of estrogens, in contrast, improves insulin sensitivity in high-fat diet (HFD)-fed female mice (5) and ob/ob mice (6) .
Estrogen homeostasis is tightly regulated through balanced biosynthesis and metabolism. Sulfation is a dominant estrogen transformation and inactivation pathway, because the sulfonated estrogens can no longer bind to ER (7) . Estrogen sulfotransferase (EST, or SULT1E1) is a cytosolic enzyme catalyzing the transfer of sulfate from 39-phosphoadenosine-59-phosphosulfate to available hydroxyl groups of the estrogens. EST has been proposed to be the primary enzyme responsible for sulfonation and inactivation of estrogens at physiological concentrations. Consistent with the proposed function of EST in estrogen homeostasis, Est 2/2 males exhibit structural and functional lesions in their reproductive system, a phenotype resulting from chronic estrogen stimulation (8) . In female Est 2/2 mice, the defect of estrogen sulfation causes estrogen excess, leading to placental thrombosis and spontaneous fetal loss (9) .
Under normal conditions, the hepatic expression of Est in mice is rather low (10, 11) . An aberrant and marked induction of Est has been reported in the liver of the obese and diabetic C57BL/KsJ-db/db mice (12) , whereas the expression of Est in testis is not affected in the same mice (13) . Positive associations between diabetic phenotype and hepatic Est induction have also been reported in several other strains of female obese mice (14) . However, whether and how Est plays a role in energy metabolism and pathogenesis of type 2 diabetes have not been reported. Mechanistically, the Est induction in obese and diabetic mice might have been mediated by the glucocorticoids and glucocorticoid receptor (GR). The ob/ob phenotype is known to be associated with an increased glucocorticoid level (15) . Chronic treatment of wild-type (WT) mice with dexamethasone (DEX), a synthetic glucocorticoid, is sufficient to induce hyperglycemia and hyperinsulinemia (16) , which is associated with the induction of Est because Est is a GR target gene (11) .
In this report, we show that loss of Est has a sex-specific effect on mouse models of type 2 diabetes. Loss of Est improves and exacerbates metabolic functions in female and male ob/ob mice, respectively. Est may achieve its effect on energy metabolism by regulating body composition, energy expenditure, insulin sensitivity, and b-cell mass.
RESEARCH DESIGN AND METHODS
Animals. ob/ob mice lacking Est (obe) were generated by crossing heterozygous B6.V-Lepob/J mice from The Jackson Laboratory with Est 2/2 mice in a C57BL/6J background (8) until both alleles reach homozygosity. Food intake and weights were determined weekly. All studies were performed on age-matched mice. HFD (catalog number S3282) was purchased from Bio-serv (Frenchtown, NJ). Body composition was analyzed in live animals using EchoMRI-100 from Echo Medical Systems (Houston, TX). The use of mice in this study has complied with all relevant federal guidelines and institutional policies.
Indirect calorimetry. This was performed using an Oxymax Indirect Calorimetry System from Columbus Instruments (Columbus, OH). Mice were individually housed in the chamber with a 12-h light/12-h dark cycle in an ambient temperature of 22-24°C. Metabolic rate, respiratory quotient (ratio of CO 2 produced to O 2 consumed), and physical activity were evaluated over a 48-h period. Mice were acclimatized overnight before data collection. Euglycemic-hyperinsulinemic clamp. The clamp experiments were performed as described by others (17) . Briefly, right jugular veins of 7-to 8-weekold ob/ob or obe mice were catheterized 4 days before the experiment, and mice were fasted 16 h before euglycemic clamps. On the day of the clamp experiment, the mouse was placed in a rat-size restrainer with its tail tapetethered at one end at least 2 h in order for the mouse to acclimatize to the restrained state. D- [3- 3 H] glucose (0.05 mCi/min) was infused for 2 h, and blood samples were collected from the tail vein to assess the basal rate of wholebody glucose turnover. Following the basal period, the mouse was infused with a primed (300 mU/kg body weight) and continuous infusion (12.5 mU/kg/ min) of human insulin (Novolin) from Novo Nordisk (Princeton, NJ). Blood glucose levels were measured in 10-min intervals, and a variable 20% glucose was infused to maintain glucose at 120-150 mg/dL. Blood samples (20 mL) at 100, 110, and 120 min were collected for the measurement of plasma H] glucose, and insulin levels were measured in the final blood sample. Glucose tolerance, insulin tolerance, and glucose-stimulated insulin secretion tests. (ITT), mice were fasted for 4 h before receiving an intraperitoneal injection of insulin at 0.5 or 1.5 units/kg body weight. For glucose-stimulated insulin secretion (GSIS) tests, an additional 20 mL blood was collected from the 30-, 60-, and 120-min time points during GTT for the measurement of plasma insulin levels. Mouse islets were isolated, and in vitro GSIS was performed as previously described (18) . Histochemistry and immunofluorescence microscopy. Tissues were fixed in 4% formaldehyde, embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin-eosin (H-E) (19) . For immunofluorescence, tissue sections were deparaffinized and rehydrated, followed by preincubated in blocking buffer (13 PBS, 5% normal donkey serum, and 0.3% Triton X-100) for 60 min. Tissue sections were then incubated with diluted primary antibody overnight at 4°C and fluorochrome-conjugated secondary antibody for 1 to 2 h at room temperature in dark the next day. Antibodies used include rabbit anti-human insulin (C27C9) monoclonal antibody (catalog number 3014; Cell Signaling Technology), goat anti-human glucagon (N-17) polyclonal antibody (catalog number sc-7780; Santa Cruz Biotechnology), and goat anti-mouse CD68 (M-20) polyclonal antibody (catalog number sc-7084; Santa Cruz Biotechnology). Histomorphometric analysis on insulin-stained pancreatic sections was performed using ImageJ from the National Institutes of Health (Bethesda, MD), and the percent of islet area per total pancreatic area was calculated (20) . b-cell mass was determined by multiplying the percentage of islet area per pancreatic area by the pancreatic weight. Pancreatic b-cell proliferation and apoptosis were determined on insulin-stained pancreatic sections by Ki67 immunostaining (Ki67 antibody clone SP6; Neomarkers) and terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay from Promega (Madison, WI), respectively (20) . Estrogen sulfotransferase enzymatic assay. This was performed as described previously (10) . Briefly, 20 mg/mL total liver cytosolic protein extract was incubated with 1 mmol/L of estrone substrate and [ 35 S]phosphoadenosine phosphosulfate from PerkinElmer (Boston, MA) at 37°C for 30 min. The reaction was terminated by adding ethyl acetate, and the aqueous phase was then counted in a scintillation counter. Serum chemistry. Serum levels of estradiol (E 2 ; catalog number DSL-4800), estrone (E 1 ; catalog number DSL-8700), estrone sulfate (E 1 S; catalog number DSL-5400), thyroxine (T 4 ; catalog number DSL-3200), and triiodothyronine (T 3 ; catalog number DSL-3100) were measured using RIA assay kits from Diagnostic Systems Laboratories (Webster, TX). Serum levels of triglyceride (catalog number 2100-430; Stanbio), cholesterol (catalog number 1010-430; Stanbio), free fatty acids (catalog number 11383175001; Roche), insulin (catalog number 90080; Crystal Chem), and insulin-like growth factor-1 (IGF-1; catalog number MG100; R&D Systems) were measured by using commercial assay kits (Diagnostic Systems Laboratories) according to the manufacturer's instructions. Quantitative RT-PCR. Total RNA was isolated using TRIzol reagent (Invitrogen). Reverse transcription was performed with random hexamer primers and Superscript RT III enzyme from Invitrogen. SYBR Green-based real-time PCR was performed with the ABI 7300 PCR System (Applied Biosystems). Data were normalized against cyclophillin. Statistical analysis. Results are presented as the means 6 SD. Statistical significance between groups was determined using an unpaired two-tailed Student t test, with P values of ,0.05 considered significant.
RESULTS
ob/ob mice lacking Est had reduced adiposity and increased energy expenditure. Est is known to have a low basal expression in the mouse liver (10, 11) . We showed that ob/ob mice had a dramatic and liver-specific induction of Est (Fig. 1A) , consistent with the hepatic induction of the same gene in db/db mice (12, 13) . To determine the role of Est in the pathogenesis of type 2 diabetes in ob/ob mice, we crossbred Est 2/2 mice with heterozygous ob/ob mice to generate ob/ob mice lacking Est that were termed obe mice. Obe mice exhibited hyperphagia and early onset of obesity similar to ob/ob mice before 6 weeks of age. During adulthood, however, female, but not male, obe mice showed a modest but significant decrease in body weight compared with age-matched ob/ob females (Fig. 1B) . Magnetic resonance imaging analysis revealed favorable body composition changes in obe mice that included decreased fat mass and increased lean mass (Fig. 1B) , which was achieved without significant changes in food intake and physical activity (Supplementary Table 1 ). ob/ob mice were reported to be acyclic (21) , suggesting that estrous cycle may not be an important factor in affecting food intake. Consistent with their increased lean mass, obe females showed increased skeletal muscle fiber bundle size (Fig. 1C) and increased gastrocnemius and soleus muscle weight (Supplementary Table 1 ), which was associated with an increased serum level of IGF-1 and increased IGF-1 mRNA expression (Fig. 1D) in the liver, a tissue known to contribute up to 90% of circulating IGF-1 (22) . A decreased IGF-1 level has been proposed to contribute to the decreased muscle mass in ob/ob mice (23) . The improved body composition and unchanged food intake led to our hypothesis that obe females may have increased energy expenditure. Indeed, compared with their ob/ob counterparts, obe females had higher oxygen consumption (Fig. 1E ), higher energy expenditure when normalized against the lean body mass (24) (Fig. 1F) , and an ;1.5°C increase in resting rectal temperature (Fig. 1G) . The metabolic benefit of loss of Est was not associated with altered serum levels of T 3 and T 4 (Table 1) , although thyroid hormones have been reported as low-affinity EST substrates (25) . Obe female mice displayed improved insulin sensitivity and reduced hepatic steatosis. In understanding the metabolic benefit of Est ablation, we found that obe females, but not males, showed reduced fasting hyperglycemia and improved performance in GTT and ITT ( Fig. 2A) . Obe females showed inhibition of hepatic gluconeogenesis as supported by their improved performance in a pyruvate tolerance test (data not shown). Using the hyperinsulinemic-euglycemic clamp test, we found that 8-to 9-week-old obe females showed significantly lower fasting glucose and insulin levels (Table 1 ) and a nearly threefold increase of glucose infusion rates during clamp period (Fig. 2B) , suggesting a markedly improved insulin sensitivity. Obe females showed lower basal and clamp hepatic glucose production (HGP) (Fig. 2C) , and significant suppression of HGP during clamp stage compared with ob/ob mice (Fig. 2D) , which indicated improved hepatic insulin sensitivity. Consistent with reduced HGP, obe females showed a decreased hepatic expression of gluconeogenic genes, including Pgc-1a, Pepck, and G6pase (Fig. 2E) . Female obe mice also exhibited relief of hepatic steatosis as shown by histology (Fig. 2F) and measurement of liver levels of triglycerides and cholesterol ( Table 1 ). The expression of hepatic lipogenic and adipogenic genes Srebp-1c, Acc1, Fas, Scd-1, and aP2 was decreased (Fig. 2H) , whereas the expression of fatty acid oxidative genes Ppar-a, Cpt-1a, Lcad, and Mcad was increased in obe females (Fig. 2I) . The improved metabolic function of obe females was also manifested at the serum chemistry level, which included decreased circulating levels of triglycerides and free fatty acids ( Table 1) . The metabolic benefit of Est deficiency was mediated through the estrogen pathway. Because the primary function of Est is to sulfonate and deactivate estrogens, and estrogens are known to improve the metabolic functions of ob/ob mice (6), we went on to determine whether the improved metabolic function in obe females was due to increased estrogenic activity in the liver. As shown in Fig. 3A , compared with ob/ob females, the hepatic expression of a panel of estrogen responsive genes was induced in obe females, which was consistent with the observation that the liver extracts of obe mice showed a substantially lower estrogen sulfotransferase activity (Fig. 3B) . The estrogenic effect was liver-specific, because the expression of estrogen responsive genes was not affected in the skeletal muscle and white adipose tissue (WAT) (Supplementary Fig. 1A ), despite modest increases in the serum levels of E 1 and its sulfated metabolite E 1 S. The circulating level of E 2 , the most potent estrogen, was not significantly affected in obe females (Table 1) .
FIG. 2.
Obe female mice showed improved insulin sensitivity and reduced hepatic steatosis. A: GTT and ITT on 9-week-old ob/ob and obe female mice. Glucose infusion rate (B), hepatic glucose production (C), and suppression of hepatic glucose production (D). E: The expression of gluconeogenic genes in fasted mice as measured by real-time PCR analysis. F: H-E staining of liver sections. The expression of hepatic lipogenic (G) and fatty acid oxidation (H) genes as measured by real-time PCR analysis. N ‡ 4 for each group. *P < 0.05; **P < 0.01, ob/ob versus obe. (A highquality color representation of this figure is available in the online issue.)
To further evaluate the estrogen pathway, we performed ovariectomy on 5-week-old ob/ob and obe female mice and examined their metabolic functions 3 weeks after the surgery. Ovariectomy completely abolished the metabolic benefits of obe mice in body composition (Fig. 3C) , IGF-1 protein and mRNA expression ( Supplementary Fig. 1B ), GTT and ITT performance (Fig. 3D) , hepatic steatosis (Fig.  3E) , and the expression of lipogenic, gluconeogenic, and fatty acid oxidative genes (Fig. 3F) . The activation of hepatic estrogen-responsive genes in obe mice was also abolished upon ovariectomy (Fig. 3G) . Loss of Est inhibited DEX-and HFD-induced insulin intolerance in female mice. A chronic treatment of WT mice with DEX was sufficient to induce hyperglycemia with female mice showing a higher sensitivity (16) . To determine whether DEX-induced hyperglycemia and insulin resistance was Est-dependent, we administrated DEX for 2 weeks to both WT and Est 2/2 mice. As expected, DEX treatment resulted in fasting hyperglycemia and glucose intolerance in WT females (Fig. 4A) , which was associated with a marked induction of Est in the liver (Fig. 4B) . In contrast, Est 2/2 females were resistant to DEX-induced hyperglycemia and showed improved GTT performance (Fig. 4A) . Ovariectomy abolished the protective effect of Est ablation on DEX-induced insulin resistance ( Supplementary  Fig. 2 ). The loss of Est effect in the DEX model was femalespecific, because Est 2/2 males remained sensitive to DEXinduced hyperglycemia (Fig. 4C) . The antidiabetic effect of Est ablation was also observed in the HFD model. Est 2/2 females showed improved GTT and ITT performance upon 20 weeks of HFD feeding (Fig. 4D) , which was associated with a hepatic induction of Est (Fig. 4E) . Loss of Est in ob/ob male mice aggravated diabetic phenotype, caused a loss of pancreatic b-cell mass, and increased WAT inflammation. Interestingly, the loss of Est effect on the ob/ob phenotype was sex-specific, because obe males had worsened diabetic phenotype compared with ob/ob males. As shown in Fig. 5A , obe males showed a higher fasting glucose level and worse GTT performance. The expression of estrogen-responsive genes was not affected in the liver of obe males (Fig. 5B) , and castration failed to improve the metabolic function ( Supplementary Fig. 3 ). In addition, obe males showed impaired GSIS, although the basal insulin level was indistinguishable between obe and ob/ob males (Fig. 5C ). Histological analysis of pancreatic sections showed dramatically reduced islet size, total islet area, and b-cell mass ( Fig. 5D and Supplementary Fig. 4A ) in obe males. This could suggest alterations in b-cell proliferation and/or death in obe mice. Indeed, when b-cell turnover was evaluated, we found that obe male mice displayed increased b-cell apoptosis but little change in b-cell proliferation compared with ob/ob male mice (Fig. 5E ). Insulin and glucagon double staining revealed a normal distribution of endocrine cells in both ob/ob and obe males (Fig. 5F ). The insulin-producing b-cells were evenly distributed, and the glucagon-producing a-cells were mainly located peripherally in the islets. There was a relative increase of a-cell in obe mice, possibly due to the decreased b-cell number. Islets of obe male mice were deformed with an increased infiltration of CD68-positive macrophages (Fig. 5F ), which was suggestive of increased inflammation. Interestingly, islets isolated from obe males exhibited in vitro GSIS similar to those isolated from ob/ob males (Fig. 5G) . These results suggested that the reduced b-cell mass might be responsible for the impaired insulin secretion upon glucose challenge. No expression of Est was detected in islets (data not shown), suggesting that the impaired insulin secretion was not due to the intrinsic loss of Est effect on b-cells. The loss of b-cell mass was not observed in obe females (Supplementary Fig. 4B) .
In understanding the mechanism by which Est ablation exacerbated metabolic phenotype in ob/ob males, we found that obe males showed increased macrophage infiltration and inflammation in WAT as supported by increased density and size of the crownlike structures (Fig. 5H) , as well as increased expression of several macrophage markers (F4/80 and CD68) and inflammatory markers (Mcp1, Mac1, Adam8, Mip1a, and Tnfa), and decreased expression of the beneficial adipokine adiponectin (Fig. 5I) in the abdomen fat. The effect of Est ablation on WAT inflammation was absent in obe females ( Supplementary Fig. 5 ). These results suggested a potential link between b-cell loss and increased adipose inflammation caused by Est ablation in obe male mice.
DISCUSSION
In this study, we showed that induction of hepatic Est was a phenotype shared by several type 2 diabetes mouse models. The induction of Est most likely played a pathogenic role in type 2 diabetes because loss of Est in female mice improved metabolic function in ob/ob, DEX, and HFD models of type 2 diabetes. The metabolic benefit of Est ablation in female obe mice seemed attributed to decreased estrogen deprivation and increased estrogenic activity in the liver, underscoring the importance of liver estrogen signaling in protecting females from developing metabolic disease. EST is a GR target gene (11) . The pathogenic role of EST in type 2 diabetes is consistent with the observations that ob/ob mice had an increased glucocorticoid level, and DEX was sufficient to induce hyperglycemia. It is clear that estrogens and glucocorticoids have beneficial and detrimental effect on insulin sensitivity, respectively. We have shown that glucocorticoids can antagonize estrogenic activity through the regulation of EST (11). It is possible that in women, the detrimental effect of glucocorticoids on energy metabolism may become dominant with the onset of menopause because of the major reduction in estrogen production.
Several other lines of anecdotal evidence also suggested that EST may be an important mediator in the pathogenesis of type 2 diabetes in rodents and humans. The expression of Est was elevated in the liver of cystic fibrosis transmembrane conductance regulator knockout mice (26) . Cystic fibrosis patients are known to have a higher risk of diabetes (27, 28) . In contrast, several antidiabetic phytoestrogens, such as equol and genistein, have been reported as potent enzymatic inhibitors of EST (29) . The causal effect of the expression and/or regulation of EST on the pathogenesis of type 2 diabetes in human patients remain to be confirmed.
It is interesting to note that Est deficiency led to increased lean mass and skeletal muscle fiber bundle size, which was associated with an increased expression of liver IGF-1, an important growth-promoting endocrine factor (22) . IGF-1 has been implicated in skeletal muscle growth and regeneration, and a viral delivery of the IGF-1 gene attenuated skeletal muscle atrophy and restored muscle mass and strength in mice (30) . The production of IGF-1 is regulated by estrogens. Specifically, activation of ERa was necessary for a systemic production of IGF-1, whereas ablation of ERa in the liver decreased the circulating level of IGF-1 (31) . Our data suggested that the relieved muscle hypotrophy in female obe mice was likely due to the increased IGF-1 secretion as a result of increased estrogenic activity in the liver.
We were surprised to find that Est ablation exacerbated the diabetic phenotype in male ob/ob mice. Although sexual dimorphism has been documented in diabetic models, and female mice are in general less susceptible to type 2 diabetes (5,32), previous reports on aromatase and ERa knockout mice suggested that estrogens also exert metabolic benefits in male mice (1, 2) . The discrepancy may be due to the tissue-specific effect of estrogens. Our obe mouse model mainly reflected the hepatic effect of estrogens, because both the induction of Est and activation of estrogenresponsive genes in obe females were liver-specific. The exacerbated diabetic phenotype in male obe mice seemed to be due to compromised insulin secretion. Because the expression of Est cannot be detected in the islets, and isolated islets from ob/ob and obe male mice showed a similar insulin secretion upon glucose stimulation, the lack of insulin secretion in vivo was most likely caused by an insufficient mass of b-cells to maintain glucose homeostasis and driven by factors other than the intrinsic loss of Est in b-cells.
Our results suggest that the reduction in b-cell mass in obe male mice was mainly caused by increased b-cell death, which was associated with enhanced macrophage infiltration. Because islet phenotypes in obe male mice appeared to have been driven by extrapancreatic factors, it is with great interest that we observed increased macrophage infiltration and inflammation, specifically in male WAT ( Fig. 5H and I) , given the fact that basal expression of Est in WAT follows a sexually dimorphic mannerabundantly expressed in male but barely detectable in female mice (33) . It is tempting to speculate that increased inflammation along with decreased synthesis of adiponectin, a beneficial adipokine, in WAT led to low-grade systemic inflammatory response, exaggerated insulin resistance in obe male mice, which was followed by failure of b-cell compensation in the late stage. Indeed, we had observed worsened insulin sensitivity in obe males at 12 weeks old (Supplementary Fig. 6 ), the early stage of b-cell compensation in ob/ob mice (34) . The relationship between Est ablation and increased inflammation in male WAT under diabetic condition is another intriguing topic for future investigation. Although estrogens have been reported to suppress lipogenesis and exert anti-inflammatory effects in WAT (35, 36) , most of the studies were conducted in ovariectomized or ER wholeknockout mice. The direct action of estrogens in adipose tissue, especially regarding its sexually dimorphic manner, to our best knowledge, has not been fully examined. The fact that Est is highly expressed in male adipose tissue and Est 2/2 male displayed larger adipocyte size (33) suggests that estrogen signaling in male WAT may be strictly regulated under normal physiological conditions, and excess estrogens may cause adverse effects, instead of beneficial ones as we expected, to males, especially under extremely obese conditions such as ob/ob mice. In fact, several lines of evidence suggested that testosterone has antiobesity effects, and its deprivation in men contributes to the development of metabolic syndrome. We and other groups (37, 38) have also reported that overexpression of Est in WAT inhibited adipogenesis. The future creation of adipose-specific Est 2/2 mice will help to understand the direct effect of Est and estrogen signaling in male adipose tissue.
In summary, we have uncovered a critical role of Est in energy and glucose homeostasis during the pathogenesis of type 2 diabetes. Our results suggested that hepatic estrogen signaling modulated by Est induction may represent an important mediator of sex-specific phenotypes usually observed in type 2 diabetes mouse models, even without apparently affecting systemic circulating estrogens. Hepatic Est, at least in females, may represent a therapeutic target for the management of type 2 diabetes.
